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ABSTRACT Bluetooth has constantly evolved from its cradle in 1997 to the last 5.2 version in 2020. With
each update and amendment, it has gained in speed, range, and versatility. One of the latest introductions
was the Bluetooth Mesh Profile (BMP) making it a technology suitable for a wide variety of applications.
Nevertheless, BMP was designed to maintain the compatibility with Bluetooth version 4 devices already
deployed in the market. This imposes some restrictions that place Bluetooth Mesh under other competing
technologies like Zigbee or Thread in terms of throughput performance. In this paper we propose two
mechanisms to overcome these limitations and take advantage of the new extended advertising capabilities
introduced with Bluetooth 5. These mechanisms are presented as modifications to the current protocol stack
to allow the transmission of larger data structures. Thus, it is possible to boost the throughput of Bluetooth
Mesh making it suitable to more demanding applications like, for example, image transmission. The first
proposal is designed as an adaptation layer to avoid modifying the standard in its current form. The second
makes minimal changes to the frame structure at the different layers enabling the user to accommodate
possible encapsulations (i.e., tunneling) without incurring IPv6-layer fragmentation. We have analyzed both
solutions and compared them with the current BMP in terms of throughput, delay, and energy consumption
for different channel conditions and network size. The results show that except for very small messages or
poor channel conditions the proposals improve the throughput and delay of the current BMP.

INDEX TERMS Bluetooth, Internet of Things, throughput, delay, energy, wireless communication, wireless

mesh networks.

I. INTRODUCTION

Wireless technologies have progressively evolved over the
last 30 years. Their performance, throughput, capacity, range,
reliability, and energy efficiency are improved with each new
standard or revision of the existing ones. This enables the
creation of new applications and services extending their use
to practically any field. Wireless Sensor Networks (WSNs)
are a subset of technologies initially developed for enabling
data transmission using unlicensed wireless bands without
a service provider. Among the usual applications for WSN,
we can find many fields including smart cities, industrial,
health, environmental, agriculture, transportation, military,
etc [1]-[4]. In this kind of environments, it is important
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to consider several key points like battery life, reliability,
latency, and throughput, but also if the transmission mech-
anism is connection-oriented or is based on broadcasting
frames like flooding mechanisms [5]. Among these standards,
those that use the 2.4 GHz band based on the 802.15.4
standard (Zigbee, Thread, WirelessHart) stand out over the
rest [6] and now Bluetooth should also be considered in this
group.

When Ericsson started the development of Bluetooth back
at the beginning of the 90’s, the main objective was to replace
the connection cables between headphones and computers
with a cellular phone. Since then, it has evolved to the current
version 5.2 [7] with improved transmission speeds, energy
consumption, and interoperability. One of the advantages of
Bluetooth over its competitors is its widespread implanta-
tion in the market. Bluetooth is ubiquitous in cell phones,

93267


https://orcid.org/0000-0003-0735-6811
https://orcid.org/0000-0002-0299-0859
https://orcid.org/0000-0001-8155-9698
https://orcid.org/0000-0003-2664-6339
https://orcid.org/0000-0002-7238-2621
https://orcid.org/0000-0002-3759-4805

IEEE Access

D. Pérez-Diaz-de-Cerio et al.: Speeding Up Bluetooth Mesh

computers, watches, cars, health devices, sensors, etc. This
is important as it enables the rapid development of new
applications as demonstrated by the creation of Covid-19 case
tracking applications that use Bluetooth technology [8].
Before the publication of the Mesh Profile Specification
many alternatives to incorporate meshing in Bluetooth were
proposed. For example, in [5] the alternatives of a connection
or broadcast mode are analyzed and from all of them, an inter-
esting proposal stands out among others: the FruityMesh
algorithm [9]. This open source solution establishes a con-
nection between the nodes which is kept open until the mes-
sage reaches its destination. Another worthy reading is [10],
where multiple mesh solutions are presented, some of them
based on flooding mechanisms and where “‘the main appli-
cation scenario are networks where low energy consumption
is the main concern and data is non time-sensitive.” Even
other standardization bodies like the Internet Engineering
Task Force (IETF) are trying to include mesh networking
into Bluetooth, 6BLEMesh [11]. The authors that participate
in the definition of this new approach have also published
an experimental evaluation of this technology considering
latency, roundtrip time and energy consumption in [12]. They
also evaluate the impact on the performance for three different
platforms (Nordic, LaunchPad and Texas Instruments) con-
cluding that the lifetime of the devices can differ in more than
4 months depending on the manufacturer. However, these
may have come to an end when, in 2017, the mesh topol-
ogy was officially incorporated [13], [14] to the Bluetooth
specifications allowing multi-hop communication, increasing
the reach, and many-to-many communication. An interesting
comparison showing the performance characteristics and the
trade-offs between 6BLEMesh and the official BLE mesh can
be found in [15]. Nevertheless, note that 6BLEMesh at the
moment of this writing is still in a draft stage and the official
BLE mesh was released in 2017 and received the last revision
in 2019. Hence, due to its more mature state and official
nature we used the current standard as our main reference.
The BLE mesh standard uses a managed flooding mech-
anism instead of routing. This mechanism is very robust,
allows the immediate sending of messages, the message
always arrives by the shortest path, and it does not require
maintenance of the routes. This new feature has been added
on top of the Bluetooth core. And, in the current version,
it uses the advertising events for transmission within the
mesh network as the link-layer transmission base. Specifi-
cally, the non-connectable present in version 4.0. The natural
evolution of the standards makes it foreseeable that BLE
mesh will incorporate improvements to the initial version.
Nevertheless, currently, technologies based on the
802.15.4 standard have better performance in terms of
throughput than BLE mesh. These technologies present a
maximum payload of 127 bytes [16] at MAC level, but can
be used on different frequency bands: 868 MHz, 915 MHz,
and 2.4 GHz. The maximum transmission at physical layer
is 20 kbps, 40 kbps, and 250 kbps, respectively. However,
other options may apply: the use of acknowledgments,
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different address fields (0, 16, 64 bits), or the use of the
slotted/unslotted modes of CSMA/CA. Thus, the maximum
throughput can fluctuate between 12.8 and 162 kbps [17].
Derived technologies from this standard, like Zigbee or
Thread, incorporate new layers that reduce the real effec-
tive throughput and, in practice, make it implementation-
dependent. For example, Burchfield ef al. state that with an
appropriate implementation one can obtain 108 kbps at the
application layer from a theoretical maximum of 120 kbps
using hardware that initially presented 53 kbps [18]. In fact,
other experimental and more recent studies like the one made
by Silicon Labs [19] show different results demonstrating
that they depend on the implementation. In this case, they
make a thorough comparative analysis of Zigbee, BLE, and
Thread considering the influence of the data packet size
and number of hops. Their results present a real measured
throughput in Zigbee of 21 kbps in a single hop or 5 kbps in
five hops, whereas Thread obtains near the double under the
same conditions, 47 kbps and 10 kbps, respectively. All of
them consider 100 bytes of user data.

In contrast, BLE mesh, which is currently based in BLE v4
advertisements, has only 29 bytes available for the payload at
the advertising bearer layer, transmitted at least every 25 ms
in average. If we add the necessary overhead to transmit data
at the application level to the payload at the link-layer level,
this difference is accentuated as the user payload increases.

Multiple papers analyze the benefits of WSN technologies.
For example, the study done in [19] shows that systems based
on 802.15.4 and BLE mesh have similar performance in
throughput and latency for small payloads (10 bytes). How-
ever, when the payload size is increased, the Bluetooth per-
formance is much lower than for the other two technologies
considered (Thread and Zigbee). This is mainly due to the
lower payload capacity of the link layer. With BLE v4 adver-
tisements like the ones used in the current BMP, Bluetooth
requires segmentation for application payloads greater than
10 bytes, while 802.15.4-based systems are around 100 bytes.

Regarding network management, the Bluetooth flooding
algorithm allows easier management, greater redundancy,
and faster response times concerning network or transmis-
sion failures. Additionally, it can operate without establish-
ing a connection nor any kind of hand-shaking. However,
routing-based mechanisms generate fewer packets, resulting
in less interference and collision probabilities. A thorough
study of the QoS performance of BLE mesh in terms of delay,
scalability and reliability even in presence of outer and self-
interferences [20] demonstrates that BLE mesh is particularly
vulnerable to network congestion and increased packet col-
lision probability for densely populated deployments. Nev-
ertheless, the randomization of the timing parameters of the
protocol reduces its impact.

The Bluetooth Mesh Profile is able to work on top of
any version 4.0 device since its release. This allows back-
wards compatibility. But, as of version 5.0, the Bluetooth
core adds a new advertising mode that allows the transmis-
sion of larger packets in broadcast mode, called extended
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advertising. Besides, this type of advertising uses the entire
ISM band and allows less occupation of channels 37, 38,
and 39. However, the current BMP frame structure is still
based on the definitions made for v4.0. This implies that
although a mesh network could be composed of newer and
more powerful devices because BLE v5 devices are com-
patible with BLE v4 devices, it is not possible to take full
advantage of their potential. So, the main research motivation
for the proposals presented in this paper is to overcome this
limitation that could make BLE mesh more efficient and open
it to other application use cases, particularly, in planned or
unplanned scenarios where devices experience good chan-
nel conditions and low interference. Under non-ideal condi-
tions, when transmissions are affected by high bit error rates,
we will see that the current BMP will be the preferred option,
providing the more robust performance. Nevertheless, when
better bit error rate can be achieved, its use supposes and
underutilization of capacity. In this case, we show that the
proposal of using the extended advertisement event provides
a very significant benefit.

The industry also seems interested in taking profit of
these new capabilities and, for example, Nordic Semicon-
ductor has developed and implemented a new bearer called
Instaburst [21] based on this new feature. However, this
solution is proprietary and not compatible with the current
standard. Furthermore, their use of extended advertising is
limited to a maximum size of 498 bytes of raw advertising
data.

In this paper, we propose to use extended advertising to
increase the transmission of information in a Mesh BLE
network. Our two proposals allow boosting the transmission
speed and capacity of a Mesh network, without losing the
advantages inherent to the flooding algorithm. The first is
presented as an adaptation layer introduced between the net-
work and bearer layers with the objective of not modify-
ing anything of the current standard structure. The second
proposal goes far beyond and exploits the new advertising
extensions completely, but modifies the frame structure at
all layers. However, these modifications affect only the PDU
sizes at each layer, keeping the rest of the frame intact. Hence,
although Bluetooth Mesh networks are not designed to keep
a sustained high throughput and constant data transmissions,
with these modifications it is possible to eventually transmit
longer messages in shorter times.

Summarizing, the contributions of this paper are:

« We present two different approaches to adapt extended
advertising events to the current BMP. These approaches
include an Adaptation Layer (AL) that can be easily
inserted in a current implementation as it does not
modify the current BMP and a BLE mesh Modified
Profile (MP) that improves even more the performance
enabling also the transmission of large frames without
the need of IPv6-layer fragmentation. Both proposals
allow the use of segmentation.

o« We perform a comparison of both proposals vs. the
current BMP considering throughput, delay, number of

VOLUME 9, 2021

hops, message size, bit error rate (BER), and energy
savings.

« We determine the conditions where the new proposals,
defined as an optional operation mode, offer a clearly
benefit in terms of capacity enabling the support of more
demanding services.

o Their application offers a delay reduction and a through-
put boost in a single hop from 3.79 kbps up to 483 kbps
that can be achieved for bit error rates under 1077,
Additionally, transmission times can also be reduced
with the corresponding energy savings that implies.

Nevertheless, the application of any of these two proposals
comes with some side effects that should also be considered.
Thus, to obtain favorable results all the devices in the network
must support BLE version 5, channel conditions should be
acceptable, and both proposals underperform for very short
messages.

To address this, in the following section, it is necessary first
to review the basics of Bluetooth Mesh with its main param-
eters, protocol stack, and frame definitions. Additionally,
as our proposals are based on the new capabilities introduced
with Bluetooth 5 these are also summarized and presented in
section II. Thus, at this point, it is then possible to introduce
our two proposals in section III. This section discusses in
detail where and how to introduce both modifications into
the specifications. Afterwards, in section IV, we present the
comparative results obtained after applying the proposals.
This section starts analyzing the throughput improvement
under the best possible scenario, a single-hop and ideal chan-
nel conditions, which is the comparison reference point with
other technologies. Then, we consider and discuss the effect
of propagating the message through a simple linear network
topology. Here, new issues appear and some parameters
should be adjusted to optimize the results. The section ends
with the consideration of non-ideal conditions and a detailed
analysis on how several parameters impact not only on the
throughput but also on other metrics like error rate, delay, and
energy consumption. Finally, the paper is closed with some
conclusions in section V.

Il. BLUETOOTH MESH AND BLUETOOTH 5 OVERVIEW

A. BLUETOOTH MESH

A Bluetooth Mesh network enables information transmission
between its nodes over a Bluetooth Low Energy physical
layer. As in any mesh network, the nodes relay and cooperate
dynamically to transport messages across the network.

In order to become part of the network, a device must
first be provisioned by an authorized device. In this process,
the device obtains the initial configuration and security cre-
dentials. Once provisioned, the device is then called a node
and it is allowed to transmit and receive messages.

Additionally, a node may implement special roles that
modify its behavior and operation. Hence, a node may present
one or several of the following features: relay, friend, low
power, and proxy. From all of them, the relay feature deserves
special attention because a node with this feature enabled
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can retransmit messages. This allows the communication of
messages beyond the first hop range and create the mesh
architecture itself.

The deployment of larger networks not only implies using
relays but also other procedures to ensure reliable data trans-
mission through the network. To address this, Bluetooth Mesh
uses a flooding mechanism, i.e., the messages are broadcasted
and the relays retransmit the messages they receive to propa-
gate them all over the network. However, this is done in a con-
trolled way called managed flooding. The relays check two
parameters before retransmitting a message: a Time To Live
field (TTL) present in every message and a Network Message
Cache. The TTL limits the number of times a message can
be relayed and the cache prevents the relaying of previously
received messages.

As the scenario can completely change from one deploy-
ment to another, the Bluetooth Mesh Profile [13] defines
several parameters and procedures to control and adjust the
reliability and the end-to-end delay:

o Network Transmit: This procedure controls the number
of transmissions of data generated in a source node and
the interval between them. These are controlled by the
parameters network transmit count (Ntc) and network
interval. The Ntc is a three-bit parameter that ranges
from zero to seven, so a single message can be trans-
mitted up to 8 times leaving a space between them equal
to the network interval plus a random delay. Note that
a value of Nyc = 0 means that only one message is
sent. For higher values, each transmission is a verbatim
copy of the initial one including the sequence number.
The network interval depends on another 5-bit param-
eter called Network Transmit Interval Steps (Ntjs) that
ranges from O to 31. The final network interval is cal-
culated using 10 ms steps, i.e., (NTis+1)-10 ms. Hence,
theoretically, the network interval could take values from
10 to 320 ms. However, the minimum should not be less
than the minimum advertising interval which is 20 ms
for the type of advertisements used in BLE mesh (see
sections 7.8.5 and 7.8.53 of [7]).

o Relay Retransmit: It controls how many times a packet
should be retransmitted by a relay and their spacing
within the same range as the network transmit just
presented. Its operation is very similar to the network
transmit procedure but affects to the messages received
via radio at the relays. The parameters involved are the
Relay Retransmit Count (Rrc) and the Relay Retransmit
Interval Steps (Rrrs). Again, the first one is a 3-bit
parameter that indicates the number or retransmissions
(up to eight) and the second (5 bits) adjusts the relay
interval using also 10 ms steps with the same restrictions
explained before.

o Publish Retransmit: It determines how many times a
single message should be published (Prc) and the time
between these publications. This procedure introduces
more redundancy publishing the same message several
times (0 < Prc < 7). Each and every publication should
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also follow the network transmit procedure. Thus, a mes-
sage could be sent up to 64 times ((Prc+1)-(Ntc+1)).
However, the published messages are not the same as
each publication has a different sequence number. The
interval between publications uses steps of 50 ms with
a Publish Retransmit Interval Steps (Prjs) in the range
from O to 31 keeping the final value between 50 ms and
1600 ms.

e Random Delay: To avoid collisions, the mesh pro-
file also requires introducing a random delay (Tqelay)
between transmissions. This random delay is not spec-
ified in the BMP, but a typical value derived from
the core specifications for this delay is 10 ms (section
4.4.2.2.1 of [7]).

Most of these procedures are applied at the network layer
(network transmit, relay transmit, random delay) or above
(publish retransmit). However, this paper is focused on the
layer just below it, the bearer layer.

The bearer layer defines how to transport the network
messages between nodes. Currently, there are two bearers
defined: the GATT (Generic Attribute) bearer and the adver-
tising bearer.

On one hand, current devices that do not support natively
the Bluetooth Mesh Profile can use the GATT bearer to
communicate with a mesh network through a proxy node.
And, on the other hand, when it is possible to include the mesh
profile into the device stack, the advertising bearer should be
used. Recall that the BMP is designed to work even on the
first BLE devices, i.e., version 4.0 compliant devices.

In fact, what the specifications state is that the advertising
bearer shall use non-connectable and non-scannable undi-
rected advertising events. This leaves the door open to the
use of the new extensions presented in BLE version 5.0.

Nevertheless, the frame structure defined in the upper
layers follows to the letter one of the Bluetooth Mesh Pro-
file design conditions: ““it must work on existing devices in
the market today” [13]. Hence, this structure is designed
supposing the use of the original and most restrictive
ADV_NONCONN_IND indications to keep compatibility
with version 4 devices.

Figure 1 illustrates the complete encapsulation process
from the application layer to the bearer layer considering
ADV_NONCONN_IND based advertisements. The bottom
half of the figure is dedicated to explaining the advertising
bearer operation. In its final form, the information is trans-
ported within advertising events. An advertising event is,
generally, composed of three ADV_NONCONN_IND each
one transmitted on a different primary channel (37, 38, and
39). The information sent is the same in all three channels.

In BLE, advertising events are transmitted following a reg-
ular pattern: each one is sent after a fixed period (advertising
interval) perturbed by a small random value (Tgelay). In Blue-
tooth Mesh, however, this interval depends on the network
transmit/relay retransmit procedures previously explained.
Looking into the frame structure, ADV_NONCONN_IND
indicators can transport a Bluetooth Mesh network PDU of
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FIGURE 1. Data encapsulation over ADV_NONCONN_IND advertisements.

up to 29 bytes. Hence, unsegmented messages could transport
up to 10 user application bytes (see Figure 1). To solve this,
the Bluetooth Mesh Profile allows the transmission of longer
application messages applying segmentation. In that case,
up to 379 user bytes can be distributed over 32 different
segments. Nevertheless, under the best conditions, each one
would be transported by a single advertising event. This
increases considerably the time required to transmit the data.

Thus, the decision of using ADV_NONCONN_IND
implies reduced effective data throughput. Next, we will cal-
culate the throughput for this case and we will use it as the
base to compare. This effective throughput can be calculated
as the relation between the total user data bits and the time
needed to transmit this message before another one can be
transmitted. It is important to remark the difference between
this time and the time the data is effectively on the air. The
latter is shorter, but the system does not allow to transmit data
continuously.

For example, we will start analyzing the simplest case
following the left-hand side from up to the bottom of Figure 1:
10 user data bytes without segmentation. To form the access
layer PDU, the user data bytes need an operation code of at
least 1 byte. This is encapsulated into the next layer PDU,
the transport layer, adding its own 1-byte header and the
four octets of TransMIC to secure the application data. The
resulting 16 bytes pass through the network layer which adds
13 bytes more. Finally, the Advertising Data structure is built
adding the length and advertising type fields before being
delivered to the bearer.
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At this point, the advertising bearer takes these 31 bytes
and composes the ADV_NONCONN_IND, a 376-bit frame
in this case. On the air, this represents 376 ps with the GFSK
modulation used at 1 Mbps.

The time between the beginning of two consecutive
ADV_NONCONN_IND within an advertising event shall be
less than or equal to 10 ms. But in any case, the adver-
tising event shall be closed within the advertising inter-
val. Hence, considering the minimum advertising interval
(20 ms), an average random value of 5 ms and just one
transmission per packet (Prc = Ntc = Rrc = 0), the
maximum effective throughput is 3200 bps, see equation 1.

application payload bits
thmax

= 1
min (network interval) + mean(T jeiay) M
For the segmented case, up to 379 application data

bytes can be distributed over 32 segments sent every

min(network interval) + mean(T gejqy) to obtain a maximum
effective throughput of 3790 bps.

B. BLUETOOTH 5 EXTENDED ADVERTISING

Bluetooth 5 [22] introduces, among other improvements, new
advertising mechanisms. To make use of the new capabilities,
Bluetooth 5 defines additional Advertising Physical Channel
PDUs. These allow to increase advertising PDU payloads up
to 254 bytes over the secondary channels (data channels),
chain several advertisements with fragmented host advertis-
ing data to transmit even more data in a single advertising
event, and/or increase the transmission data rate.
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FIGURE 2. Extended advertising event and its encapsulation.

Focusing only on the ones allowed by the Bluetooth Mesh
Profile, the non-connectable and non-scannable undirected
advertising events, these would be the new ADV_EXT_IND,
AUX_ADV_IND, and AUX_CHAIN_IND. All of them
share the same payload format shown at top of Figure 2.
However, the fields they use are different, and not all of
them may be present. We will discuss the details later.
One important example of this is the ADV_EXT_IND,
which is transmitted in the primary advertising channels
and is not allowed to include advertising data (AD Data).
In this case, the ADV_EXT_IND would just point to an
AUX_ADV_IND which would contain up to 254 bytes of
AD Data.

Additionally, if the host has a large bundle of data to
transmit, it can be fragmented and the AUX_ADV_IND
can point to an AUX_CHAIN_IND. Then, if necessary,
this AUX_CHAIN_IND could potentially link to another
AUX_CHAIN_IND. This last step could be repeated until
reaching the maximum of 1650 bytes of Host Data defined
in [22]. This process is illustrated at bottom of Figure 2
considering that all the PDUs are filled up with the maxi-
mum AD Data bytes except the last one. In this case, this
implies the transmission of one AUX_ADV_IND and six
AUX_CHAIN_IND. Note also that the AUX_ADV_IND and
AUX_CHAIN_IND use the secondary advertising physical
channels, i.e., data channels.

Finally, another significant improvement of Bluetooth 5 is
that the new extended advertisements can be transmitted at
different rates: 1 Mbps, 2 Mbps, and coded for long-range.
However, again, the ADV_EXT_IND is restricted and cannot
be transmitted at 2 Mbps.

Ill. PROPOSALS

A. BLUETOOTH 5 MESH ADAPTATION LAYER (AL)

Once the new capabilities introduced with Bluetooth 5 have
been detailed, we propose to take advantage and use them
in Bluetooth Mesh. A first approximation could be to keep
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the structure of the Mesh profile without modifications and
introduce a new adaptation layer between the network and
bearer layers as depicted in Figure 3.

Thus, the AD Data structures would still be 31 bytes long.
However, we could concatenate up to 53 AD Data structures
into a single extended advertising event. Recall that this limit
comes from the maximum of 1650 bytes imposed by the Host
Controller Interface [18].

Hence, with 53 AD Data structures of 31 bytes, the total
would be 1643 bytes. The remaining 7 bytes would not be
useful because just the headers of a new message would
exceed this value.

In this way, if we do not use segmentation, and remember-
ing that in each AD data structure we can include a maximum
of 10 user data bytes, up to 530 bytes of effective user data
could be transmitted.

On the other hand, if segmentation is used, 379 user bytes
would be distributed into 32 segments. So, from the 53 AD
data structures, 21 would still be available. This results in 247
additional user bytes (20 structures of 12 bytes, plus 1 last
structure of 8 bytes minus 1 byte from the OpCode). Then,
in this case, up to a total of 626 effective user bytes could
be sent.

A final check would be necessary as the time to transmit
the 53 AD Data structures should not exceed the minimum
advertising interval of 20 ms. As explained before, to transmit
all the data apart from the three ADV_EXT_IND it would
be required to use one AUX_ADV_IND and a maximum of
six AUX_CHAIN_IND as depicted in Figure 2. All follow
the frame structure of Figure 2 selecting only some of the
optional fields of the extended header. We propose to keep
the following:

« Extended Header Flags: required when the header is not

ZEero.

o Advertiser Address: not present in AUX_CHAIN_IND

o Advertising Data Information (ADI): used to quickly

identify a previously received message.

VOLUME 9, 2021



D. Pérez-Diaz-de-Cerio et al.: Speeding Up Bluetooth Mesh

IEEE Access

MESH PROFILE

Transport PDU

UNSEGMENTED SEGMENTED
OpCode — OpCode .
Access PDU |1_3 Bytes Application Parameters 0-10 Bytes |1 %Bytes Application Parameters 11-379 Bytes
oluf ol Seg[seg|
A< <3 Seqzero o,| N Segment 1- 12 Bytes
up CHMNE SeglSeg
~| 2|5 _
TO A< <3 Seqzero o,| N Segment 1- 12 Bytes
i 32 LI I |
2 O
< - = Seg|S:
% <(l Upper Transport Access PDU 1- 11 Bytes TransMIC 4 Bytes g; % S| seqzero gu :‘, Segment 0-8 Bytes TransMIC4 Bytes
__________________ o) b

H NID H TTL| SEQ 3 Bytes |SRC 2 Bytes | DST 2 Bytes

Transport PDU 1-16 Bytes

Network PDU

| NetMIC 4 Bytes

BLE CORE

Advertising Data structure

Extended Advertising event
>T_MAFS

Channel 38 Channel 39

> T_MAFS
UX_ADV_IND

Channel 37 Channel k1 Channel k2

Advertising events

AD Data (Network PDU)

Advertising
event

1- 29 Bytes Upiwss

>T-MAFS

H AUX_CHAIN_IND

Channel k7

AUX_CHAIN_IND

Advertising
event

Advertising Interval Taelay

Advertising Interval

s,

FIGURE 3. Adaptation layer for the use of extended advertising in Bluetooth Mesh.

« Auxiliary Pointer (AuxPtr): indicates the information of
the next auxiliary packet. It is not present in the last
AUX_CHAIN_IND.

o Transmitted Power (TxPower): although this field is
optional, it is kept due to its common use in many
applications.

Note that the AUX_CHAIN_IND does not contain the

6 bytes assigned to the Advertiser Address. Nevertheless,
we decided that, for the sake of simplicity, all the auxiliary
packets, except the last should transmit the same maximum
amount of data (241 bytes, 254 - 13 header bytes). Addi-
tionally, note also that the last AUX_CHAIN_IND not only
conveys less data but also lacks the AuxPtr field (3 bytes).
Given all this, Table 1 summarizes the transmission times and
in-between intervals for this integration of extended advertis-
ings in the mesh stack.

According to the specifications [22], T5 shall be greater
than the Minimum Subevent Space (Tymss = 150 ws) and
Te shall be greater than the minimum AUX Frame Space
(Tmars = 300 ws), but an exact value is not defined. To be
more specific, we decided to measure these values in a real
implementation using Nordic nRF52840 development Kkits
and their Mesh SDK. The obtained values were T5 = 283 us
and Tg = 400 pus.

The worst-case scenario would come when every frame
is transmitted at 1 Mbps and, even then, the total required
time would be 18174 ws. This value is below the minimum
network interval of 20 ms. Hence, according to equation (1),
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TABLE 1. Bluetooth mesh with extended advertising timings.

s Rate .

Description (Mbps) Duration (ps)
T, ADV_EXT IND duration 1 192
T, AUX ADV_IND duration lor2 2120/ 1064
T;  AUX_CHAIN_IND duration lor2 2072 /1040
T, Last AUX CHAIN_IND lor2 1752/ 880

duration

Ts  Time between ADV_EXT IND N/A >150
Ts  Time between auxiliary frames N/A >300

the effective throughput for the unsegmented and segmented
cases would be 169.6 kbps and 200.32 kbps, respectively.

Nordic Semiconductor is working on a similar approach
called Instaburst [21]. When it is enabled, the system decides
whether a message can be encapsulated in a regular adver-
tisement or should use an extended advertisement event.
However, in this latter case, Instaburst only allows one
AUX_ADV_IND and one AUX_CHAIN_IND limiting the
raw advertising data to 498 bytes every advertising interval.
To reduce the on-air packet duration, they use an uncoded
2 Mbps bearer. Nevertheless, subtracting the overhead intro-
duced by the upper layers of the Bluetooth Mesh stack,
the effective throughput results around 60 kbps.
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FIGURE 4. Modified mesh profile stack.

In any case, both proposals, although simple, require to
update the firmware of all the devices participating in the
transmissions. Thus, it would be more efficient to redesign
the upper layers of the Bluetooth Mesh Profile according to
the new capabilities of the extended advertisements.

B. MODIFIED MESH PROFILE FOR BLUETOOTH

5 SUPPORT (MP)

Our second proposal modifies the network, transport, and
access layers to use the full capacity of the extended adver-
tising events. This allows to reduce the overhead per packet
compared with the previous proposals.

The encapsulation would be the one presented in Figure 4.
Note that the frame format of the extended advertising events
and their headers follow the same structure explained in
section IV. In this way, the maximum network PDU inside
an advertisement data structure is increased from 29 bytes
to 239 bytes. At network level this implies that a frame can
convey a transport PDU up to 226 bytes.

Then, if the message is unsegmented, up to 218 applica-
tion bytes can be sent in a single frame without segmen-
tation. This is considering the use of a 3-byte operation
code and subtracting the 5 bytes for the transMIC and
headers at the transport layer. We use the recommended
manufacturer 3-byte OpCode to identify this new type of
frames, but if these were introduced by the Bluetooth SIG,
it could be possible to save two additional bytes in the
OpCode.

93274

On the other hand, if the message is segmented, a single
segment could transport up to 222 bytes. Note that the maxi-
mum number of segments is 7 instead of 32. To explain this
limit and the maximum application data size it is necessary to
recall that there is a 1650 bytes maximum data size allowed
by the HCI controller to form the extended advertising event.
This would correspond to six full advertisement structures
of 241 bytes and a last advertisement structure of 204 bytes.
Hence, at transport level, the first six segments are composed
of 222 bytes plus 4 header bytes and the last segment conveys
a maximum of 181 bytes plus the headers and transMIC.
It would be possible to reduce two bits on each of the SegO
and SegN fields and keep these four bits for future use.
Nonetheless, since this reduction does not reach a full byte,
for the sake of simplicity, we propose to continue modifying
only the PDU sizes at each layer leaving the rest of the frame
intact. The 1650-bytes limit also applies to the unsegmented
case. In this way, up to seven unsegmented messages could be
aggregated inside a single extended advertising event having
the last one a maximum of 181 application data bytes and the
rest the full 218 bytes. Consequently, that would correspond
to 1489 application data bytes in the unsegmented case. Nev-
ertheless, if we allow segmentation, up to 1510 user data bytes
distributed over seven segments can be inserted into a single
advertising event. This is an important achievement because
it overcomes the recommended value of 1500 bytes [23]
and enables the user to accommodate possible encapsulations
(i.e., tunneling) without incurring IPv6-layer fragmentation.
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IV. RESULTS AND DISCUSSION

A. SINGLE-HOP THROUGHPUT RESULTS

With the values presented in the previous sections, and fol-
lowing equation (1) with a network interval of 20 ms, we will
compare in this section the effective throughput for the dif-
ferent proposals and some state-of-the-art solutions. Initially,
these results aim to determine the maximum throughput val-
ues. Thus, they are obtained considering ideal conditions with
no packet losses. In a subsequent section, we will analyze the
effect of introducing transmission errors.

For example, the effective throughput achieved with the
modified mesh profile (section III.B) is 476 kbps for the
unsegmented case and 483 kbps otherwise. This second
approach is around 2.5 times faster than the best case (seg-
mented) of our first proposal (section III.A) and more than
125 times faster than the maximum reference throughput of
3.79 kbps calculated in section ILA.

It is important to remark that such integration of extended
advertisings into the Bluetooth mesh operation would posi-
tion this technology much better than their current com-
petitors: Instaburst, Thread or Zigbee. All these results are
summarized in Figure 5. Please, note that the values for other
technologies are extracted from [19] and [21].

Throughput in kbps

Modified Profile
segmented

Modified Profile
unsegmented

Adaptation Layer
segmented

Adaptation Layer
unsegmented

Instaburst

Thread

Zigbee

Current Mesh Profile

FIGURE 5. Comparison of effective throughput for a single hop.

Another and more visual way of evaluating the benefits of
the proposals could be to calculate the time required to trans-
mit a determined amount of data. To illustrate this, in Table 2
we have compiled the results with a range from a small chunk
of 10-bytes data packet to a large 5 MB file in a single hop.

As can be seen, for the smallest 10-byte data chunk all
the solutions perform equal. This is because all the informa-
tion can be transmitted in a single advertising event in all
cases.

However, with a slight increase, the standard Mesh profile
quickly needs more events and, therefore, more time to trans-
mit the same amount of data. For example, the transmission
of an IPv6 packet of 1500 bytes would require 3.2 s using
the current profile, but still requires a single event of 25 ms
for the Modified Profile. In this case, the solution proposed
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TABLE 2. Required transmission time comparison.

Message Mesh Instaburst Adaptation %Od;f}ed
size Profile Layer rofile
10 bytes 25 ms 25 ms 25 ms 25 ms
50 bytes 125 ms 25 ms 25 ms 25 ms
200 bytes 425 ms 25 ms 25 ms 25 ms
500 bytes ls 75 ms 25 ms 25 ms
1500 bytes 32s 200 ms 75 ms 25 ms
100 kB 3.5 min 13s 4s 1.7s
1 MB 35.2 min 2.2 min 40s 16.5s
5MB 29h 11.1 min 3.3 min 1.4 min

by Nordic (Instaburst) would need eight times more. Or, for
instance, if we need to transmit a small 5 MB video file from a
security camera, using the current Mesh profile would require
nearly three hours and less than 90 seconds with our proposal.

B. DISCUSSION: MESH FLOODING AND CHALLENGING
RETRANSMISSION ISSUES

No matter which proposal is selected, with the use of
extended advertising a new issue arises: the transmission time
is now much longer. Using regular advertising, a transmission
is received within a maximum of 376 us, whereas in the worst
case, with extended advertising, it can reach near 20 ms.

This entails a potential increase in the number of collisions,
error rate, packet losses, etc. But, even in an ideal scenario
where the relays were aligned between source and sink with-
out mutual interference, one should reconsider the selec-
tion of the appropriate values for the network transmit/relay
retransmit intervals because a device cannot transmit and
receive simultaneously.

Thus, in this and following sections, when the network
presents multiple hops, the layout considered is linear and the
reach of the nodes only covers their first hop. This situation
is analyzed with the help of Figure 6 where the layout is
depicted on the left. Let’s consider a simple case with just one
relay (green) between the source (yellow) and sink (black).
In this example, the source would have two different mes-
sages to transmit. Each message generates a full advertising
event represented as a rectangle filled with the color assigned
to the transmitter and has a duration T, .

For simplicity, in this section we consider error free trans-
missions, Bit Error Rate (BER) = 0. So, the network transmit
count, publish retransmit count, and relay retransmit count
are equal to zero. In this way, the source transmits only one
event per message and the relays just perform one retransmis-
sion. The orange areas indicate the random window where a
packet can start its transmission currently a value between
0 and 10 ms (randjp). The gray rectangles depict the period
during which a device is receiving a transmission.

To maximize the throughput, it is necessary to minimize
the time between the transmission of two different messages
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FIGURE 6. Transmission example with two hops.

at application level in the source. We call this parameter the
generation interval (Tg.,). However, note that the minimum
value of Ty, cannot be less than the network interval and,
additionally, it is also necessary to avoid simultaneous trans-
missions and receptions between two consecutive nodes. For
example, in the case depicted in Figure 6, it has no sense to
begin the transmission of the second message until the relay
has finished the retransmission of the first because it could
not be processed. Thus, in the worst case, Ty, must be at
least two times the duration of the advertising event (Teyens)
plus the maximum value of the random time:

Toen = 2 - Teyenr + max (rand o) 2

However, this value changes if we consider more hops.
For example, if we introduce two additional relays (blue and
purple, in Figure 7a) the source should wait not only for the
green relay to retransmit the message but also an additional
time while the next relay (blue) is transmitting. At this point,
the green relay would be blocked, processing the retransmis-
sion of its own message by the blue relay. Thus, it would not
be prepared to receive any new incoming transmission from
the source node. Note that the green relay must process that
blue transmission to verify that it is not a new message that
should be relayed as well. This is a mandatory action and the
node must complete the reception of the message. We call this
time T gerecr - the time required to process whether the currently
incoming message has previously arrived at the node.

Anyways, the source cannot send another message yet.
It is also necessary to allow the propagation of the message
through the network considering the random delay of the
subsequent hops. To determine the worst-case, all the relays
of the examples depicted in Figure 7 apply the maximum
random delay for the first message and the minimum for the
second. Hence, we can extend the formula of equation 2 to
the more general equation 3 for two or more relays. There,
Npops denote the number of hops needed to reach the sink.

Tgen =2+ Tevent + Tdetecr + (N/wps - ]) -max (rand ) (3)

As we have seen before, if a node must process the entire
advertising event, Tgerecr could take values up to 18174 us
which corresponds with a full Teyens, see Figure 7a. This
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Rx event

imposes very high values on Tg.,, which is inversely pro-
portional to the throughput calculation, see equation (4).
As a consequence, the system throughput would be impacted
negatively. So, ideally, T, should be reduced as much as
possible.

user gaa - 8

th = 4
(Tgen + mean (Ta'elay)) @

An obvious and direct way of reducing T,ye,; would be to
use a transmission rate of 2 Mbps when possible.

Additionally, another way of shortening 7., would be to
use the Advertising Data Info (ADI) field of the extended
header (2 bytes) to identify earlier each transmitted message,
see Figure 7b. In this way, Tjec; could be reduced to a the-
oretical 890 s or 1142 ps in practice that correspond to the
duration of the three ADV_EXT_IND plus their interframe
space, see Table 1.

Thus, a node only needs to decode one of the three
ADV_EXT_IND indicators sent on the primary channels
and check the ADI field to find out if the message has
been received before. If this is the case, it would stop the
current reception process and be ready for a new one. This
solution is depicted in the second message transmission of
Figure 7b. The impact of these changes in the throughput can
be observed in Figure 8.

The analysis of Figure 8 confirms that the parameter with
higher impact on the results is the number of hops between
source and sink so the throughput is reduced rapidly within
the first hops. Moreover, the reduction of Tepenr and Tgesect
by increasing the transmission rate and the use of the ADI
field to detect previously received messages lose importance
with the number of relays between source and sink. This is
because T, is mainly driven by the random delay in those
cases.

However, for scenarios with less than five relays (6 hops),
they are quite relevant and present combined improvements in
the effective throughput up to 35%. In any case, applying both
changes always enhances the results and would also reduce
the collision and error probability. The results are similar for
both, the Adaptation Layer and the Modified Profile propos-
als and also follow the same trend.
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FIGURE 8. Effective throughput vs. the number of hops (ideal).

The conclusions concerning the parameters of equation (3)
are also similar for both, the AL and the MP proposals
and also follow the same trend as can be seen in Figure 8.
However, for the AL proposal it is worth noticing the dif-
ference between using or not segmentation as depicted in
Figure 8 as it becomes more relevant. The overhead reduc-
tion using segmentation improves around a 15 % the final
throughput.
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C. EVALUATION OF THROUGHPUT, DELAY AND ENERGY
SAVINGS UNDER NON-IDEAL CONDITIONS

In order to optimally apply these proposals, the environment
should present good quality links. As the messages are longer,
the on-air duration is also increased. Hence, the transmissions
are more vulnerable to the effect of interferences, collisions
and other impairments. Thus, if any of the packets of an
extended event is affected, the pointer to the next packet
would be lost and also all the subsequent packets of the chain.
This is aggravated with each and every hop required to reach
the destination. However, in those cases, the reliability could
be increased by using retransmissions, acknowledgements
or limiting the number of auxiliary packets. Nevertheless,
this would cause a reduction in the maximum calculated
throughput as can be seen throughout this section.

To evaluate the effect of transmission impairments we
consider that the received bits at each node present errors
with a certain probability (BER). The origin of these errors
can be diverse: fading, collisions, interferences, noise, etc.
As the advertising mechanism does not provide forward error
correction, a message would be wrongly received when at
least one of its bits is erroneous. This is denoted as Message
Error Ratio (MER). The MER is influenced by the message
size, the number of hops and reduced when the messages are
retransmitted.
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FIGURE 9. Transmission example considering non-ideal conditions and retransmissions.

In order to facilitate the evaluation and a fair comparison
of the proposals, we constraint the number of variables and
results by imposing a reasonable level of reception quality
in terms of MER. That is, the throughput, delay and energy
consumptions are calculated by imposing a 1% MER level.
Thus, for a specific BER, message size and number of hops
we calculate how many times a message shall be transmitted
to obtain this maximum MER. The introduction of retrans-
missions modifies the transmission structure and the calcula-
tion method of T, and other parameters.

At the source, each message is transmitted Ny¢c + 1 times
with a network interval + randyy period between them.
At the relays the procedure is similar, but changing the
parameter names. Each message is transmitted Rpc + 1
times with a relay interval 4+ randyy period between them.
Nevertheless, for the sake of simplicity, we consider Rgc =
Nrc, so the number of transmissions (N7y) at every node is
Nrx = Nrc + 1. And, likewise, we also consider equal the
network interval and the relay interval. We represent both
with a new variable named TxInt, transmission Interval.

With the current BMP, these are all the changes to be
considered, but with the new proposals Teyens and Tigerect
become the new Tovens rerx and Tgerect rerc- Their definition
is depicted in the legend of Figure 9 and follow equations (5)
and (6).

Tevent_retx = (Txlnt + max(Tdelay)) (Nrx =D +T

event

&)

detect

(6)

Tdetect_retx = (TXInt + maX(Tdelay)) (Nrx =D+ T

Note that, if non-idealities are considered, 7 j.sec; should
also include the time involved in frame processing at the
receiver (Tproc) [24]. Once all these parameters are deter-
mined, it is possible to calculate their impact on the through-
put, delay and energy consumption.

First, we start calculating the effect of these non-idealities
on the throughput. For the current BMP, the throughput
is determined by equation (7) where segmentation is also
considered using the number of segments (Ny.,) needed for
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For our proposals the throughput can still be calculated fol-
lowing equation (4). However, T, needs to be recalculated.
Again, T, depends on the number of hops and its minimum
is determined for the worst-case scenario, see Figure 9.

There, considering two different consecutive messages,
the first one is received always with the last retransmis-
sion after suffering the maximum random delays whereas
the second is received with the first transmission and the
minimum random delays at each hop. In this way, we avoid
simultaneous transmissions/receptions between two adjacent
nodes for any combination of random delay values and mes-
sage/segment copy received. Thus, Ty, for a single hop
follows equation (9), for two hops equation (10), and for three
or more hops equation (11).

Tgen = max (TeventjetXa Txint -Nx +max(Tgetay)(N7x — 1))

©)

Tgen = max (2 “ T event_retx + max(Tgelay), TXInt) (10)
Toen = (Tevent_retx + max (Tdelay)) : (Nhops - 1)

+ Tdetect?retx - (Nhops - 3) * Tevent (11)

To determine the average delay to receive a complete mes-
sage for the current BMP (dpyp) we divide it into three parts.
First, the delay to receive the initial segments of a message
(dseg)- Then, the delay to receive the last segment (dj45 ). And,
finally, the delay introduced at each hop of the network (djop).
Note that, in average, when there are several transmissions of
the same segment the received one is in the middle. Equally,
from the three repetitions on the primary channels, in mean,
the received one is the second. Additionally, in the calcula-
tions it is necessary to consider the interframe space (Tjrs)
and the duration of the last transmitted PDU (7}, ) in each
channel.

dpmp = dseg + diast + dhop (12)
dseg = (Tx}nt + mean (Tdelay)) Nrx - (Nseg —1) (13)
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Nrx — 1

digst = (TxInt + mean (Tdelay)) —
+2- Tiast + TIFS + Tproc (14)
dhop = (dlaxt + mean (Tdelay)) (Nhops -1 (15)

Similarly, for the proposals presented, the average delay
(dprop) can be calculated using equation (16):

Nrx — 1
dprop = Tevent + (Txlnt + mean (Tdelay)) %
+ (mean (Tdel“Y) + Tevent
Nrx — 1
+ (Txlnl + mean (Tdelay)) TX—)(Nhops -1

2
(16)

Hence, at this point it is possible to compare the perfor-
mance and delay in throughput terms against the ideal case
presented in previous sections.

For example, Figure 10 depicts the combined influence of
the BER and the number of hops in the maximum achieved
throughput. This maximum throughput is obtained with the
suitable values of retransmissions and message size and does
not always correspond with the maximum message size. Note
also that the maximum message size is different for each
solution, ranging from the 379 bytes of the current BMP up
to the 1510 bytes of the MP proposal.

1000

Ideal
— — BER=10"°

Current

Adaptation Layer

Modified Profile | | ™ BER=10"*

Throughput (kbps)

Number of hops

FIGURE 10. Effective throughput vs. the number of hops considering ideal
and non-ideal conditions.

Observe that, for the ideal case, the MP proposal per-
forms better than the current BMP even for the maximum
number of hops allowed, 127. However, as it was expected,
the benefits are reduced exponentially while the performance
of the current BMP does not depend on the number of hops.
On the other hand, for the AL proposal, the turning point
over the current BMP appears around 107 hops. Thus, if the
number of hops exceeds this threshold, this proposal should
not be employed.

However, when some errors are introduced (BER = 10~°),
the performance is reduced. In this way, the MP proposal
performs worse starting at 102 hops and the Adaptation Layer
proposal from 52. If the conditions are worsened even more
(BER = 107%) theses values are reduced to 15 and 4 hops,
respectively. In this case, if we consider a single hop to
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compare the effect of these non-idealities, the throughput is
1.7 kbps for the current BMP, 10 kbps for the AL proposal
and 30 kbps for the MP proposal.

Next, we are going to analyze the influence of the applica-
tion PDU size under three scenarios that cover diverse possi-
ble real deployments, first for a single-hop network and then
for 10-hop and 40-hop networks. Additionally, for the single
hop case we are going to observe simultaneously the number
of transmissions needed to keep the MER under the previ-
ously fixed 1% threshold. Notice that, at the moment a new
retransmission is introduced because the 1% MER cannot
be accomplished, the MER is reduced significantly and, for
a while, it is possible to increase still more the message
size before one more retransmission is needed. This effect
can be seen in the example depicted for the MP proposal
in Figure 11.

102 r v
q Modified Profile
Unsegmented

10°|

Viessage krror Rate

107 /
10+
0 200 400 600 800 1000 1200 1400 1600
Application PDU size (bytes)

FIGURE 11. MER evolution example introducing new transmissions for a
1-hop network when the 1% limit is reached.

However, each new retransmission also augments Ty,
which reduces the throughput and increases the delay, respec-
tively, as could be appreciated in detail in Figures 12 and 13.

Thus, in Figure 12 we depict in pairs, one over the other,
the throughput and the number of retransmissions for a deter-
mined application PDU size and a single-hop network. From
upper-left to bottom-right the following results are presented:
current BMP (Figure 12a), AL proposal without segmenta-
tion (Figure 12b), AL with segmentation (Figure 12¢) and the
MP proposal without segmentation (Figure 12d).

We intentionally left out the results for the segmented MP
proposal as they are very similar to the unsegmented case.

We have checked that for BERs under 107 the simulation
results can practically be considered the same as the ideal
case. Hence, we take this value as the upper comparison
reference.

In Figure 12a, for the current BMP, it can be observed
how the throughput increases up to the 3.2 kbps calcu-
lated in section ILLA for the maximum unsegmented mes-
sage of 10 bytes and a BER = 10~/ (yellow line). For 11
bytes, a new segment shall be used and with it a noticeable
throughput reduction. This effect can be seen with every
new segment introduction, but as the new segments are filled
up the throughput increases gradually up to the maximum
of 3.79 kbps for a 379-byte application message. In the
number of transmissions graph below this subfigure it can be
observed that no retransmissions are needed to guarantee the
established 1% MER.
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FIGURE 12. Throughput and required transmissions vs application PDU size to obtain a 1% MER under non-ideal

conditions (one hop).

Thus, for worse BERs, for example 10~ with the current
BMP (green line in upper-left of Figure 12), it is necessary
to introduce an additional transmission for application PDUs
over 308 bytes and the throughput is reduced to approxi-
mately the half. Hence, T, gets increased and the maximum
throughput for this scenario is achieved with 307 bytes and
not for 379 bytes.

Higher BERs imply that the introduction of new transmis-
sions is needed sooner. For example, for 1073 (red), a second
transmission is needed with just 18 bytes, and for 1073
(black) requires four transmissions even for the shortest
messages.

93280

The rest of subfigures within Figure 12 show the results
obtained for our proposals. Although all of them have a sim-
ilar shape, the absolute values differ. For example, for 10~7,
the maximum throughput for each case is the reference value
that was summarized in Figure 5: 170 kbps for the unseg-
mented AL, 200 kbps for the segmented AL and 476 kbps for
the unsegmented MP. Observe that all these values require
only one transmission for maintaining the 1% MER. How-
ever, when the BER is increased just to 10~%(green) at some
point, that depends on the proposal, a second transmission
is needed and the throughput is drastically reduced. Hence,
as we previously commented, the maximum throughput,
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FIGURE 13. Throughput and average delay for different channel conditions, number of hops and application PDU size.

Note also, that for higher BER values like 1074 (blue),
the throughput not only is considerably reduced, but also the

under this imposed constraint (1% MER) does not necessarily
coincide with the maximum application PDU size.
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maximum application PDU size is limited as we reach to the
maximum of 8 transmissions. For example, this would be
around 820 bytes for the unsegmented MP (Figure 12d) and
just 300 bytes for the unsegmented AL (Figure 12b).

We also wanted to include the results for 1073, the value
used at the standard to calculate the sensitivity of a Bluetooth
device. These are presented in the small zoomed windows of
each subfigure. As can be seen, our proposals lose most of
their efficiency for this BER level and the maximum message
size is very limited. For example, the AL proposal should
not be applied as it clearly performs worse than the current
BMP. Nevertheless, the advantages of the new proposals are
significative even for small application PDU sizes (around
15 bytes) when the channel conditions improve. Hence, in a
carefully planned deployment with low interference, com-
muting to an operation mode that uses these alternatives
would provide a clear benefit.

On the other hand, Figure 13 compares the influence of
the hops number and BER over the throughput and average
delay for the current BMP, AL proposal, both segmented and
unsegmented and for the MP unsegmented proposal.

Regarding the throughput (left column), as commented
before, when the BER increases the throughput diminishes
drastically, especially for our proposals. This effect is even
more noticeable with the increment of hops. Thus, for
10 hops, when the channel presents errors, but the conditions
are still good (BER = 10~°) our proposals obtain much better
results than the current BMP, except for small application
PDUs. However, for 40 hops, the current BMP performs
better in all its application range (size < 380 bytes) and
the benefits of our proposals only appear with longer sizes.
The application range of the other proposals depends on
the previously fixed 1% MER. That is the reason why, for
example, the Adaptation Layer segmented (blue line) does
not present values for data sizes longer than 650 bytes. This
is especially remarkable in the last subfigure (BER = 10™%)
where the errors make impossible to transmit messages longer
than 540 bytes no matter the proposal employed. With this
BER it is recommended to use the current BMP in most
of the cases and only the Modified Profile proposal can
be useful in some of them when the number of hops is
small. In fact, for 40 hops the throughput of both proposals
grows very slowly and requires longer messages to become
efficient.

In conclusion, the presented proposals provide significant
enhancements when the interference conditions are accept-
able. In general, this means that the BER should be under
1075, On the other hand, when the number of hops is low
the improvement is remarkable even for moderated message
sizes. However, if the number of hops is increased, our
proposals should be selected only when the messages to be
transmitted are large.

The second column of Figure 13 allows us to analyze the
impact of the same parameters on the delay. Recall that we
define the delay as the average time between the transmission
of the first fragment of a message and the successful reception
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FIGURE 14. Transmission energy savings keeping a 1% MER.

0

of the last segment that completes the message as for equa-
tions (12) and (16).

It can be observed that it increases linearly with the appli-
cation PDU data size presenting small steps with each new
segment introduced and more noticeable jumps with each
retransmission needed. Although is hardly to appreciate in
the figures, again, with very small data messages (under
4 bytes), the current BMP performs better than our proposals.
In this case, the delay is lower as the current BMP transmits
the information directly in the primary channels while our
proposals need to transmit at least one PDU in a secondary
channel. However, for the rest of the cases our proposals
introduce less delay, specially in good channel conditions
(BER = 1079).

For worse BERs (10™%), illustrated in Figure 13-b3, the
results confronting the current BMP and the proposals in the
10-hops case get closer. However, for 40 hops, while the Mod-
ified Profile still introduces less delay than the current BMP
for large messages, the Adaptation Layer proposal always
performs worse.

The subfigures for BER = 107> in both columns show
an intermediate point and allow us to visualize the evolution
from one situation to the other.

The last results, presented in Figure 14, show the energy
savings between the current BMP vs. the two proposals.
Figure 14a, corresponds to the AL proposal and Figure 14b,
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to the MP proposal. Both, consider different BER levels and
depict the results for one and ten hops. The comparison is
done in percentage versus the current BMP. Thus, a 60% in
the figure means that the proposal analyzed needs a 60%
less energy than the current BMP. We calculate the energy
necessary for transmitting a message with a 1% MER for
every solution. Realize that, the energy consumption has been
calculated considering only the consumption related to the
transmission of the messages and not the scanning periods.
Hence, the energy savings are proportional to the reduction
of the transmission duration.

Thus, with the current BMP, a simple message is sent using
three PDUs in the three primary channels, but this needs to
be multiplied by the number of transmissions required to
guarantee the 1% MER.

So, the PDU size ranges from 304 us (1-byte mes-
sage) to 376 us (10-bytes message). On the other hand,
the two proposals send three AUX_EXT_IND in the pri-
mary channels (192 ps each) plus the corresponding
AUX_ADV_IND and AUX_CHAIN_IND. Hence, in the
minimum case, only one AUX_ADV_IND of 344 us is trans-
mitted. Instead, for the maximum case, one AUX_ADV_IND
and six AUX_ADV_CHAIN with the values presented
in Table 1 would be needed. It is necessary to remark that
the presented results are calculated for a 1 Mbps transmission
rate. For 2 Mbps, the transmission times would be shorter and,
therefore, the energy savings would be slightly improved, but
also the bit error rate would be worse.

As can be observed, the proposals always present savings
over the current BMP that vary depending on the message
size, number of hops and BER. For example, as depicted
in Figure 14b, for a 300-bytes message the MP presents
energy savings around the 80%. Only for 1, 2, or 3-byte
application PDUs the current BMP performs better although
it cannot be appreciated in the figure.

Again, for worse BERs or higher number of hops the
benefits are reduced. And, also, it can be noticed the effect
of introducing new retransmissions and/or segments.

V. CONCLUSION
The Bluetooth Mesh Profile opens the possibility to apply
Bluetooth in areas and applications never seen before.

However, one of its design requirements was to be com-
patible with even the first versions of Bluetooth Low Energy.
This prevents from taking advantage of the new capabilities
introduced with the last versions of the standard and leaves
Bluetooth Mesh below other similar technologies like Zigbee
or Thread.

As the Bluetooth Mesh Profile should also evolve as the
Bluetooth core does, in this paper we have proposed two ways
of modifying it to enhance its performance. Both solutions
are based on the use of the new extended advertising modes
presented with Bluetooth 5.

The first one tries to avoid modifying the current profile
and introduces an adaptation layer between the network and
bearer layer. This layer can aggregate up to 53 advertising
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messages in a single extended advertising event reduc-
ing the time required to transmit the same amount of
information.

The second one suggests how to make minimal changes
to the base stack of the mesh profile having in mind that the
bearer will use extended advertising. This is done allowing
longer PDUs in every layer of the profile.

The performance of both proposals has been analyzed in
terms of throughput, delay, and energy savings under ideal
and non-ideal conditions. The results show that with these
modifications the effective throughput in a single-hop under
ideal conditions can be increased from 3.79 kbps to near
500 kbps. This demonstrates that Bluetooth Mesh could out-
perform other similar solutions. Nevertheless, the benefits are
reduced when we consider more realistic channel conditions.
In fact, it is not recommended to consider these proposals
in scenarios with high BER values (BER = 10_3) where
the current BMP is more robust, but as an alternative to
enhance capacity when the BER can be reduced. Both pro-
posals require a BER under 10~ or even 107 if the network
presents several hops. Logically, they are also not suitable for
very short messages (under around 15 bytes), but they offer
considerable benefits for longer messages. The longer, the
better.

Another important added value is that the Modified Pro-
file proposal allows transmitting transparently 1500-bytes
IPv6 frames. This enables Bluetooth Mesh as a suitable tech-
nology for the Internet of Things, Industrial IoT and wireless
sensor networks.
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